Objective: To determine the contribution of acute infarcts, evidenced by diffusion-weighted imaging positive (DWI+) lesions, to progression of white matter hyperintensities (WMH) and other cerebral small vessel disease (SVD) markers. Methods: We performed monthly 3T magnetic resonance imaging (MRI) for 10 consecutive months in 54 elderly individuals with SVD. MRI included high-resolution multishell DWI, and 3-dimensional fluid-attenuated inversion recovery, T1, and susceptibility-weighted imaging. We determined DWI+ lesion evolution, WMH progression rate (ml/mo), and number of incident lacunes and microbleeds, and calculated for each marker the proportion of progression explained by DWI+ lesions. Results: We identified 39 DWI+ lesions on 21 of 472 DWI scans in 9 of 54 subjects. Of the 36 DWI+ lesions with follow-up MRI, 2 evolved into WMH, 4 evolved into a lacune (3 with cavity <3mm), 3 evolved into a microbleed, and 27 were not detectable on follow-up. WMH volume increased at a median rate of 0.027 ml/mo (interquartile range = 0.005-0.073), but was not significantly higher in subjects with DWI+ lesions compared to those without (p = 0.195). Of the 2 DWI+ lesions evolving into WMH on follow-up, one explained 23% of the total WMH volume increase in one subject, whereas the WMH regressed in the other subject. DWI+ lesions preceded 4 of 5 incident lacunes and 3 of 10 incident microbleeds. Interpretation: DWI+ lesions explain only a small proportion of the total WMH progression. Hence, WMH progression seems to be mostly driven by factors other than acute infarcts. DWI+ lesions explain the majority of incident lacunes and small cavities, and almost one-third of incident microbleeds, confirming that WMH, lacunes, and microbleeds, although heterogeneous on MRI, can have a common initial appearance on MRI. ANN NEUROL 2019;86:582-592 C erebral small vessel disease (SVD) constitutes the main vascular cause of cognitive impairment and dementia, and accounts for about one-fifth of all strokes. 1,2 SVD is further associated with gait impairment, mood disturbances, and late-life disability. 3 Conventional magnetic resonance imaging (MRI) markers of SVD include white matter hyperintensities (WMH), lacunes, and cerebral microbleeds, with WMH being the most widely studied. 2 Traditionally, WMH have been attributed to chronic cerebral hypoperfusion. However, evidence for this hypothesis remains inconclusive. 4, 5 View this article online at wileyonlinelibrary.com.
The limited understanding of the pathogenesis of SVD has several reasons. First, because SVD is rarely a cause of death, histopathology studies generally reflect advanced disease stages. 6 Moreover, such studies are by definition cross-sectional, limiting any causal inference. Finally, in vivo longitudinal studies are mostly conducted with follow-up intervals of several years, 5 impeding detailed mechanistic insights into SVD progression. Thus, novel in vivo study designs with highly frequent follow-ups are needed to gain further insight into SVD progression.
Only recently, a weekly MRI study applied over 16 weeks, among 5 individuals with SVD reported on an acute rather than chronic ischemic origin of WMH, as demonstrated by small acute diffusion-weighted imaging positive (DWI+) lesions that evolved into WMH on follow-up. 7 Because DWI+ lesions are frequently clinically silent, and only detectable within approximately the first 4 weeks, 8 they usually go unnoticed. It is estimated that the detection of a single DWI+ lesion at a random moment in time is indicative of hundreds of new cerebral microinfarcts per year. 9 Recent studies show that DWI+ lesions may not only transform into WMH, but may also become a lacune or microbleed, or they may become invisible on follow-up scans. 2, [10] [11] [12] [13] Importantly, it is currently unknown what proportion of SVD progression can be explained by DWI+ lesions.
We hypothesized that DWI+ lesions drive progression of SVD markers, in particular WMH. Therefore, we conducted a prospective monthly MRI study, the RUN DMC -InTENse study (Radboud University Nijmegen Diffusion tensor and Magnetic resonance imaging Cohort-Investigating The origin and EvolutioN of cerebral small vessel disease), 14 and investigated the proportion of WMH progression explained by DWI+ lesions. In addition, we assessed the number of incident lacunes and incident microbleeds preceded by a DWI+ lesion.
Subjects and Methods

Study Design and Subjects
The prospective RUN DMC -InTENse cohort study was performed at the Radboud University Medical Center and the Donders Institute for Brain, Cognition, and Behaviour (Nijmegen, the Netherlands) between March 11, 2016 and November 3, 2017 . Details of the study protocol have previously been published. 14 To summarize, this study comprised 12 visits to our research center, including a previsit, 10 consecutive monthly MRI visits, and a follow-up visit 1 year after the start of the study.
Subjects were selected from the previous prospective RUN DMC study, comprising MRI and clinical data collection in 2006, 2011, and 2015 among 503 patients with sporadic SVD referred to our Neurology Department. 15 Selection criteria for the RUN DMC -InTENse study were aimed at including 50 individuals with a high likelihood of progression of SVD imaging markers, while meticulously excluding those individuals with presumed causes of cerebral ischemia other than SVD. Therefore, inclusion criteria comprised participation in at least the RUN DMC 2006 and 2015 waves, WMH progression between 2006 and 2015 (those with largest WMH progression were invited first), and being able to visit our clinic monthly. The main exclusion criteria comprised a carotid artery stenosis >50% (either in the medical history or on ultrasound made during the previsit), a cardioembolic source (eg, atrial fibrillation; in the medical history or detected on electrocardiogram [ECG] during the previsit), use of oral anticoagulants, radiological or clinical evidence of a cortical ischemic stroke or transient ischemic attack, or vasculitis. Patients with any intracranial hemorrhage other than a microbleed on MRI or another pre-existing structural brain lesion preventing MRI analysis, dementia, Parkinson disease, 3T MRI contraindication, or a disease with life expectancy of <1 year were excluded. The RUN DMC -InTENse study was approved by the medical ethics committee region Arnhem-Nijmegen, and all subjects gave written informed consent prior to the start of the study.
MRI Acquisition
Subjects were scanned using a single 3T MRI scanner (MAGNETOM Prisma; Siemens Healthineers, Erlangen, Germany) and 32-channel head coil, including the following sequences (see also Supplementary Table 1 
Image Processing
Diffusion data were preprocessed for denoising and removal of Gibbs artifacts using tools from MRtrix (v3.0, http://www. mrtrix.org). 17, 18 Using eddy 19 and topup 20 within the Functional Magnetic Resonance Imaging of the Brain Software Library (FSL; v5.0), raw diffusion data were corrected for susceptibility-induced distortions, motion, and eddy currents. Intensity bias correction was performed with N4 bias correction as implemented in Advanced Normalization Tools, version 2.1.0. 21 Diffusion-weighted trace images were generated for the b = 1,000 and b = 3,000 images based on the arithmetic mean across diffusion directions. Using dtifit in FSL, we calculated the mean diffusivity map utilizing the b = 1,000 shell. The mean diffusivity map is equivalent to the apparent diffusion coefficient, but derived from a diffusion tensor model. 22 FLAIR images were bias corrected using the N4 bias correction procedure.
MP2RAGE data were processed to obtain robust T1-weighted images, which constitute the best compromise between image intensity bias and increased noise levels in the image background and cavities of the skull. This was done according to a previously described procedure, 23 using custom-written scripts in MATLAB (R2016b; MathWorks, Natick, MA).
To generate susceptibility-weighted images, for each of the 6 echo times we multiplied high-pass filtered (filter size = 12 pixels) phase images with their corresponding magnitude images, which were subsequently averaged into a single susceptibilityweighted imaging (SWI) scan.
To facilitate the systematic detection of incident lesions, difference images were generated for the DWI (both b = 1,000 and b = 3,000 trace images), FLAIR, and T1 image modalities. For this purpose, we first skull stripped the images using the Brain Extraction Tool in FSL and normalized the image intensity to the 95th percentile. Next, we registered (within each modality) the images of all different MRI visits to a subject-specific template, generated using FreeSurfer's mri_robust_template. 24 Difference images were then created by subtracting registered and intensity-normalized images from consecutive MRI visits, thereby highlighting incident SVD lesions as an easily discoverable hyperintense or hypointense voxel cluster on a uniform background (Fig 1) . 25 
Assessment of MRI Markers of SVD and Lesion Evolution
SVD lesions were assessed blinded to clinical characteristics according to the previously published STandards for ReportIng Vascular changes on nEuroimaging (STRIVE).
To detect DWI+ lesions, one rater (A.t.T.) manually screened all available difference images. The mean diffusivity map was assessed to verify a hypointense or isointense signal at the corresponding lesion location. A second rater (K.W.) screened all positive scans, together with a random set of 50 negative scans (~10%). Cohen's kappa was 0.78 (95% confidence interval [CI] = 0.62-0.95), and Dice similarity coefficient (DSC) was 0.86, indicating good inter-rater agreement. After final consensus was reached, both raters manually segmented all DWI+ lesions on the b = 3,000 native trace image to calculate lesion volume. Median DSC on the entire set of DWI+ lesions was 1.0 (interquartile range [IQR] = 0.8-1.0), indicating high spatial overlap between the segmentations of the two raters.
WMH were segmented using an automatic algorithm based on deep fully convolutional network and ensemble models. 26 Input images were the native space FLAIR images together with the registered T1-weighted images. This algorithm was chosen because it was ranked first in the WMH Segmentation Challenge at MICCAI 2017. WMH volumes were extracted from the resulting binary WMH masks. To address variability present in the WMH segmentation results, we calculated predicted individual WMH volume (at each time point) and rate of WMH change (ml/mo), using all time points and a simple linear regression model on WMH volumes over time (Fig 2) , and report here the WMH volumes as volumes predicted by this linear model. To account for atrophy, WMH volumes were also expressed as percentage of total white matter volume, estimated at each time point from robust T1-weighted images using the Statistical Parametric Mapping (SPM) toolbox tissue segmentation algorithm (v12; Wellcome Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm). Given that WMH are often misclassified by SPM as cerebrospinal fluid or gray matter, the white matter mask was corrected using the WMH mask.
To detect lacunes, we followed a consensus rating strategy, as inter-rater agreement of lacune detection is known to be low. 27 Two raters (A.t.T., J.J.d.K.) performed a sensitive rating of all baseline FLAIR and T1-weighted images to identify possible baseline lacunes, and subsequently, all difference FLAIR and T1-weighted images representing the change from baseline to last available follow-up to identify possible incident lacunes. Final decisions were made in consensus involving more raters (M.Du., F.-E.d.L.).
To detect microbleeds, one rater (K.W.) visually screened possible microbleeds (including lesions with axial diameter < 2mm) detected by a semiautomatic method based on the radial symmetry transform, including minimum intensity projection, which improves sensitivity and reduces the number of possible locations. 28 True microbleeds were selected by the human rater. A second rater (J.J.d.K.) screened all positive cases plus a random set of 25 negative cases (~5%). Cohen's kappa was 0.70 (95% CI = 0.46-0.86) and the DSC was 0.67, indicating good inter-rater agreement. Final consensus was reached involving a third rater (F.H.B.M.S.).
The evolution of DWI+ lesions was determined by consensus (A.t.T., K.W., M.Du., F.-E.d.L.) using the last available FLAIR, T1-weighted, and SWI scans, and included the following categories: WMH, lacune or small incident cavity (to include incident cavities with axial diameter <3mm, which are currently not covered by STRIVE), microbleed, and disappearance or almost vanished (ie, very subtle tissue alteration, which can only be seen with prior knowledge of the DWI+ lesion). To assess lesion evolution, images of the different modalities (DWI, FLAIR, and SWI) were affine registered to the T1-weighted image of the same visit. Next, T1-weighted images of the monthly follow-up visits were affine registered to the T1-weighted image of the first MRI visit. The estimated transformations were applied to the coregistered images of the other modalities and lesion masks. All transformations were done using Advanced Normalization Tools (v2.1.0). 29 
Clinical Characteristics
Cardiovascular risk factors were assessed during the previsit (unless otherwise specified) and defined as follows: hypertension as a mean systolic blood pressure ≥140mmHg and/or diastolic blood pressure ≥90mmHg and/or use of an antihypertensive drug; diabetes as a random glucose ≥11.1mmol/l, or an overnight fasting glucose ≥7.0mmol/l measured at least 1 month later, and/or use of an antidiabetic drug; hypercholesterolemia as fasting total cholesterol levels ≥6.5mmol/l measured in parallel with the third MRI scan, and/or use of a lipid-lowering drug; smoking status as ever or never smoked; body mass index as weight over height squared. In addition, we assessed use of antithrombotic agents, educational level using a 7-point Dutch rating scale, and the Mini-Mental State Examination score during the previsit.
Statistical Analysis
All statistical analyses were performed in R (v3.4.3-4; https:// www.R-project.org). We determined the cumulative incidence of DWI+ lesions, as well as their median monthly incidence on the basis of the DWI+ lesion incidence per MRI visit. Demographic, clinical, and baseline MRI characteristics were compared between subjects with versus without any DWI+ lesion during the study period, using nonparametric tests. WMH progression rate, and incidence of lacunes (and small cavities) and microbleeds were also compared between these groups. We determined the proportion of the total WMH progression that could be attributed to a DWI+ lesion per individual as follows: DWI lesion volume/total predicted WMH volume increase. The 2-tailed significance level α was set at 0.05. To take into account that we could have missed a DWI+ lesion due to missing data, individuals with an incident lesion without DWI 1 month prior to the event were excluded from the analysis where appropriate. 
Results
Characteristics of Cohort
The RUN DMC -InTENse cohort comprised 54 subjects with sporadic SVD (Fig 3) . Median baseline age was 69 years (IQR = 66-74) and 63% was male. Of the 54 subjects, 39 had 10 complete MRI datasets, whereas 2 subjects never had follow-up MRI (see Fig 3B) . In total, 472 DWI scans were collected. The median duration of follow-up was 39.5 weeks (IQR = 37.8-40.3), with a median MRI interval of 31.2 days (IQR = 30.0-32.3).
Incidence of DWI+ Lesions
In total, 39 DWI+ lesions were observed in 9 of 54 (16.7%) subjects (21/472 scans), resulting in a median monthly incidence of DWI+ lesions of 4.4% (95% CI = 3.9-5.8). Four subjects had a single DWI+ lesion. Two subjects had 2 DWI+ lesions on a single MRI, and 3 subjects had multiple DWI+ lesions (n = 7, 8, and 16) on multiple MRI scans (n = 6, 6, and 3, respectively). The median volume of DWI+ lesions was 0.010ml (IQR = 0.010-0.032). All DWI+ lesions were silent in the sense that none of the subjects experienced a clinical event in the respective interval between visits. DWI+ lesions were distributed throughout the brain, with 32 (82%) being supratentorial (Fig 4; Supplementary Video 1). These were located in the white matter (n = 5), subcortical gray matter (n = 3), cortex (n = 22), and the cortical gray-white matter junction (n = 2). All 7 (18%) infratentorial DWI+ lesions were located in the cerebellar cortex.
Compared to subjects without DWI+ lesions, subjects with a DWI+ lesion were older (p = 0.004). Median WMH volume was >2-fold higher in subjects with DWI+ lesions compared to those without (9.0 vs 3.8ml), although this difference did not reach statistical significance (p = 0.214), possibly due to the small sample size. Similarly, no other statistical differences with respect to demographic, clinical, and MRI characteristics were observed between the two groups ( Table 1) .
Evolution of DWI+ Lesions
Follow-up scans were available for 36 (92%) DWI+ lesions. Two DWI+ lesions evolved into a WMH, one into a lacune ≥3mm and 3 into a small cavity <3mm. Three DWI+ lesions evolved into a microbleed, with 2 lesions further being hyperintense on T2 in the acute phase and on follow-up. Twenty-five DWI+ lesions disappeared or almost vanished on follow-up FLAIR and T1, despite having shown a FLAIR and/or T1 signal change in the acute phase. The majority of lesions that disappeared were located in the cortex. Two DWI+ lesions never became visible on FLAIR and T1, either in the acute phase or on follow-up ( Table 2 ; Fig 5; Supplementary Video 2) .
Contribution of DWI+ Lesions to Total SVD Progression
The volume of WMH increased at a median rate of 0.027 ml/mo (IQR = 0.005-0.073). However, WMH progression rate was not higher in subjects with ≥1 incident DWI+ lesions compared to those without (p = 0.195; Table 3 ), also after correction for white matter atrophy (p = 0.282, data not shown). Of the 2 cases with evolution of a DWI+ lesion into a WMH, the DWI+ lesion contributed to 23% of the total increase in the WMH in one case, whereas in the other case there was a regression of WMH volume.
Analyzing FLAIR and T1 difference images, we found 6 incident lacunes or small incident cavities in 3 of 52 (5.8%) subjects over the entire study period. One subject had an incident lacune without DWI 1 month prior to the event, and was therefore excluded from the subsequent statistical analysis. The incidence of lacunes and small incident cavities was significantly higher in subjects with a DWI+ lesion (p = 0.028; see Table 3 ) compared to those without. DWI+ lesions preceded 4 of 5 (80%) incident lacunes or small incident cavities at the corresponding location.
Analyzing the SWI scans, we found 10 incident microbleeds in 6 of 52 (12%) subjects over the entire study period. These incident microbleeds occurred in 3 of 9 subjects with a DWI+ lesion, and 3 of 43 without DWI+ lesions (p = 0.057; see Table 3 ). DWI+ lesions preceded 3 of 
Discussion
In this monthly MRI study of individuals with sporadic SVD, we found clinically silent DWI+ lesions in almost one-fifth of subjects, resulting in a monthly incidence of 4.4%. However, DWI+ lesions explained only a small proportion of the total WMH volume increase. In addition to WMH, DWI+ lesions preceded 80% of incident lacunes or small cavities, and 30% of incident microbleeds. Cortical DWI+ lesions mostly disappeared on follow-up MRI. The observed incidence of DWI+ lesions is in line with previous cross-sectional studies. 9 However, the cumulative incidence of DWI+ lesions of 17% during the course of our study is much lower compared to a small longitudinal case series in which 3 of 5 (60%) individuals with SVD developed DWI+ lesions within the white matter during a 16-week period. 7 This discrepancy is most likely related to the difference in SVD burden. Whereas all cases from the previous case series had moderate to severe SVD (Fazekas ≥2), our study included participants with an on average lower but wider range of SVD burden, with approximately 50% of the cohort having a Fazekas score ≥ 2.
In the present study, we demonstrated a differential evolution of DWI+ lesions, corroborating recent findings. 2, [10] [11] [12] [13] Although factors determining lesion evolution remain largely unclear, our data show that markers of SVD that are heterogeneous on MRI can have a common initial appearance on MRI.
The contribution of DWI+ lesions to WMH progression was, however, minor. Thus, we could not confirm the hypothesis that DWI+ lesions are the major cause of WMH. Two factors could potentially have led to an underestimation of the role of DWI+ lesions in WMH progression. First, despite the rather high resolution and high quality of the DWI scans, small DWI+ lesions, below the 1.7mm voxel size, might have gone undetected, and consequently their conversion into incident WMH might have been missed, because the DWI resolution was lower than the FLAIR resolution. 9, 30 Second, as a result of our monthly MRI frequency, DWI+ lesions could have gone unnoticed for which the DWI signal was increased only shortly. It seems, however, more likely that WMH are mostly driven by factors other than acute ischemia, including blood-brain barrier disruption, demyelination, and inflammation. 4, 6, 31 Future work is required to unravel how these different pathological mechanisms are related in time. In contrast, we revealed that DWI+ lesions are the major cause of incident lacunes and small incident cavities.
This study highlights 2 further interesting findings, which require future investigations. First, in contrast to most previous studies, many DWI+ lesions were located in the cortex, with the majority of these lesions meeting the size criteria of acute cortical microinfarcts (<5mm). 9 Previous studies may simply have been unable to detect these microinfarcts due to limited resolution of the DWI scans. Second, the vast majority of cortical lesions disappeared on follow-up MRI. In line with our findings, one recent study among patients with transient ischemic attack demonstrated DWI+ lesion disappearance, with cortical topography and small lesion size being important predictors for lesion disappearance. 32 Based on animal studies, we hypothesize, however, that lesion disappearance does not imply full recovery. 33 More likely, these small acute infarcts cause microscopic tissue injury below the T1 and FLAIR detection limit. Nonetheless, when accumulating over time, these microscopic lesions may contribute to cortical atrophy and cognitive decline. 34 SVD is now recognized as the most important vascular contributor to dementia, but a causal treatment directed at preventing the development or slowing the progression of SVD does not yet exist. Our findings indicate DWI+ lesions as a marker of SVD, and therapeutic strategies aimed at the prevention of acute ischemic DWI+ lesions could contribute to halting part of the progression of SVD. Among patients with vascular cognitive impairment, the presence of acute microinfarcts was associated with a 2-year poor clinical outcome, suggesting their value as an imaging target in future trials. 35 However, due to the limited detection window of DWI+ lesions, high-frequent imaging is required, which might be a critical limitation for clinical trials.
The prospective study design and the acquisition of 10 monthly serial MRIs make this study powerful and unique. A major strength of the study is the high quality of the MRI protocol. We acquired high-resolution isotropic multishell DWI, including a b = 3,000 shell, which is superior to b = 1,000 for the detection of small hyperacute DWI+ lesions, 36 in combination with highresolution 3D FLAIR, 3D T1, and 3D SWI scans. As a result, we were able to detect incident lesions with axial dimensions below the defined STRIVE criteria, 6, 9 and characterize DWI+ lesion evolution in more detail, including small cavities without fluid suppression on FLAIR and hemorrhagic transformation. The 3 small incident cavities and 2 microbleeds with T2 hyperintensity would be considered WMH on follow-up when evaluating FLAIR images only. In addition, we assessed imaging markers of SVD in a reliable and sensitive way, and calculated progression of WMH on the basis of all available time points utilizing a state-of-the-art deep learning-based segmentation algorithm. Finally, we carefully selected individuals with sporadic SVD, and excluded those with other or additional causes of acute ischemic stroke on the basis of data collected within the ongoing longitudinal RUN DMC study, and the additional carotid artery ultrasound and ECG made during the previsit of the current study. 14 Some limitations should also be addressed. First, although we optimized our study protocol to detect DWI+ lesions, both in terms of spatial resolution of the DWI scan and frequency of scanning, we cannot rule out that we have missed (smaller) DWI+ lesions. However, although the general consensus is that the DWI signal is highest within the first 14 days after ictus, the signal evolution varies largely between individuals and may be elevated for at least 4 weeks. 8 Increasing the MRI frequency would have increased the likelihood of detecting more DWI+ lesions. However, we felt that this frequency would have seriously increased the attrition rate. Because only one small incident cavity could not be attributed to a DWI+ lesion on DWI 1 month prior to the event, we feel that this limitation has influenced our results only to a minor extent, although has potentially led to a slight underestimation of the contribution of DWI+ lesions to total SVD progression. Second, whereas recruitment of subjects from the 9-year follow-up RUN DMC study represents a major strength, this, together with the relatively small sample size (although the largest in its field), might limit the external validity of the observed incidence rate of DWI+ lesions within our study. In addition, despite applying stringent inclusion and exclusion criteria to rule out large artery disease and/or a cardioembolic source, we cannot completely rule out embolic sources as the possible cause of DWI+ lesions. Finally, although DWI+ lesions are highly suggestive of small acute ischemic strokes, 37 the acute ischemic nature of (clinically silent) DWI+ lesions in the context of SVD has not yet been confirmed. Diffusion restriction may also result from other conditions, including hypoglycemia, acute demyelination, or seizures, although these conditions are usually associated with a distinct topographical pattern on MRI and clinical presentation. 38, 39 In addition, the cause of (micro)infarcts remains to be established, but an ischemic nature seems plausible, as previous studies suggest a role for hypoperfusion and microemboli. 9 Combined MRI-histopathology studies, and high-field quantitative imaging are required to shed new light on the nature and causes of DWI+ lesions.
In conclusion, DWI+ lesions are a marker of SVD, but their contribution to progression of SVD, in particular WMH, is minor. Our data imply that WMH progression is mostly driven by factors other than acute cerebral ischemia, awaiting future investigations. Data are median (interquartile range) or number of subjects with an incident lesion (%). a Statistically significant. b One subject with an incident lacune but without DWI one month prior to the event was excluded from this analysis. DWI+ = diffusion-weighted imaging positive; MRI = magnetic resonance imaging; SVD = small vessel disease; WMH = white matter hyperintensity.
